Z. Early activation of matrix metalloproteinases underlies the exacerbated systolic and diastolic dysfunction in mice lacking TIMP3 following myocardial infarction. Am J Physiol Heart Circ Physiol 299: H1012-H1023, 2010. First published July 30, 2010; doi:10.1152/ajpheart.00246.2010.-Extracellular matrix (ECM) remodeling is a critical aspect of cardiac remodeling following myocardial infarction. Tissue inhibitors of metalloproteinases (TIMPs) are physiological inhibitors of matrix metalloproteinases (MMPs) that degrade the ECM proteins. TIMP3 is highly expressed in the heart, and is markedly downregulated in patients with ischemic cardiomyopathy. We therefore examined the time-and region-dependent role of TIMP3 in the cardiac response to myocardial infarction (MI). TIMP3
Free wall myocardial rupture is a fatal complication of acute MI and is associated with a high mortality (10, 13) . Impaired remodeling of the extracellular matrix (ECM) is a critical contributor to postinfarction dilation, dysfunction, and myocardial rupture (21, 48) . ECM integrity is maintained by a balance in the function of matrix metalloproteinases (MMPs), which degrade ECM proteins, and their physiological inhibitors, tissue inhibitors of metalloproteinases (TIMPs). Altered plasma profiles of MMPs/TIMPs correlate with adverse post-MI ventricular remodeling in patients (56) . MMPs have been shown to play a key role in post-MI left ventricular (LV) rupture in animal models (18, 33) , as well as in patients who died of LV rupture (53). Among the TIMPs, TIMP3 is ECM bound, is highly expressed in the heart (39), can inhibit a broad spectrum of metalloproteinases, and is downregulated in the ischemic myocardium of animals (46) , as well as in patients with ischemic heart failure (29) . TIMP3 deficiency severely compromises cardiac response to pressure overload, resulting in the early development of dilated cardiomyopathy (25) and excess myocardial fibrosis (24) , as well as accelerated adverse LV remodeling post-MI (52) . In this study we examine the early molecular events post-MI and demonstrate a region-and time-specific function for TIMP3 in cardiac recovery from myocardial infarction. We further demonstrate that the early rise in MMP activities post-MI is the detrimental factor in a subsequent adverse LV remodeling and dysfunction.
MATERIALS AND METHODS

Experimental model and tissue collection.
Wild-type (WT) C57BL/6 mice were purchased from Jackson Laboratories, and TIMP3-deficient (TIMP3 Ϫ/Ϫ ) mice were generated in C57BL/6 background as described previously (28) . All animal experiments were carried out in accordance with the Canadian Council on Animal Care Guidelines, and animal protocols were reviewed and approved by the Animal Care and Use Committee at University of Alberta. Male 10-to 12-wk-old TIMP3 Ϫ/Ϫ and WT mice were subjected to MI induced by ligation of the left anterior descending artery (LAD) as described previously (23) . Briefly, anesthetized and intubated mice underwent left thoracotomy in the fifth intercostal space. The pericardium was opened to expose the LV of the heart, and then the LAD was encircled and ligated under the tip of the left atrial (LA) appendage using a 7-0 silk suture. Once the LAD ligation was complete, the muscle and skin were closed in layers using a 6-0 silk suture. Sham-operated mice from each genotype underwent the exact same protocol, but their LAD was not ligated. These sham-operated mice were used as baseline controls. At 1 day, 3 days, or 1 wk post-MI, mice were anesthetized, and hearts were quickly excised, dissected into infarct, peri-infarct, and noninfarct regions, and then flash-frozen separately for further protein and RNA analyses. For immunohistochemical analysis, whole hearts were arrested in diastole with 1 M KCl and then fixed in 10% formalin.
Echocardiography and tissue Doppler imaging. Transthoracic echocardiography was performed noninvasively as described previously using a Vevo 770 high-resolution imaging system equipped with a 30-MHz transducer (RMV-707B; VisualSonics, Toronto, ON, Canada) (5). The temporal resolution for M-mode imaging in this system is a pulse repetition frequency of 8 kHz with an axial resolution of 55 m, lateral resolution of 115 m, focal length of 12.7 mm, and depth of field of 2.2 mm. Mice were anesthetized with 0.75% isoflurane for the duration of the recordings. M-mode images were obtained for measurements of LV wall thickness, LV end-diastolic diameter, and LV end-systolic diameter. LV ejection fraction (EF) was calculated as a measure of systolic function using the following equation: EF (%) ϭ [(LV end-diastolic volume Ϫ LV end-systolic volume)/LV end-diastolic volume] ϫ 100.
Diastolic function was assessed using pulsed-wave Doppler imaging of the transmitral filling pattern with the early transmitral filling wave (E-wave) followed by the late filling wave due to atrial contraction (A-wave). Isovolumetric relaxation time (IVRT) was calculated as the time from closure of the aortic valve to initiation of the E-wave. The E-wave deceleration time (DT) was determined by measuring the time needed for the down slope of the peak of the E-wave to reach baseline, whereas the E-wave deceleration rate was calculated as the E-wave divided by the DT. Tissue Doppler imaging (TDI) is a novel and validated technique to assess systolic and diastolic function where a reduction in E= and an elevation in E/E= are considered markers of elevated LV filling pressure and diastolic dysfunction (5) . TDI was made at the inferolateral region in the radial short axis at the base of the LV with the assessment of early (E=) and late diastolic (A=) myocardial velocities. The maximal anteroposterior LA diameter was measured by M-mode in the parasternal long-axis view and used as LA size. 
MMP inhibitor administration in vivo.
An MMP-specific inhibitor, PD-166793 (Pfizer) was administered daily by gavage as described previously (25) . PD-166793 treatment (30 mg·kg Ϫ1 ·day Ϫ1 ) began 2 days before MI and was continued for 2 days post-MI. Mortality was monitored over 1 wk post-MI, and cardiac structure and function were assessed by echocardiography at 1 wk post-MI.
Autopsy and infarct size measurement. Autopsy was performed on each mouse found dead throughout the course of the study. Cardiac rupture was confirmed by the presence of a large amount of clotted blood in the chest cavity. Infarct size on surviving mice was measured at 1 wk post-MI by perfusing the hearts at a constant pressure (60 mmHg) with PBS and then with 1% triphenyltetrazolium chloride (Sigma, Oakville, ON, Canada) to stain the live cells. Hearts were then sectioned in 1-mm slices from apex to the base. The infarct area was measured using Image-Pro Plus software and reported as a percentage of the total LV size.
Second harmonic generation and multiphoton imaging. Collagen fiber density and arrangements were visualized in unfixed and unstained heart tissue by using the novel second harmonic generation and multiphoton excitation fluorescence microscopy imaging technique, as described previously (1) .
Immunohistochemistry. Hearts were fixed in 10% buffered formalin for 48 h and then placed in 80% ethanol. Neutrophil stainings were performed on 5-m sections using rat anti-mouse neutrophil antibody (MCA771GA; Serotec) as described previously (23) .
Protein and RNA analyses and protease activity assays. Total protein was extracted from frozen tissue by gentle homogenization in EDTA-free RIPA extraction buffer and quantified using Bio-Rad DC protein assay. Gelatin zymography was performed to detect pro-and active MMP2 and MMP9 as described previously (23, 25) . Western blot analysis was performed to detect TIMP1 (R&D Systems), TIMP2 (Abcam), TIMP3 (Santa Cruz Biotechnology), and TIMP4 (Novus Biologicals). Total gelatinase and collagenase activities were measured using fluorescence-based activity assays from EnzChek (Molecular Probes) as described previously (23) . Total RNA was extracted using TRIzol reagent (Invitrogen), and RNA expression analysis was performed by TaqMan RT-PCR with hypoxanthine phosphoribosyltransferase used as the internal control, as described previously (23, 24) .
Statistical analysis. All statistical analyses were performed using SPSS software (version 10.1; Chicago, IL). Mortality and rupture incidents were compared using Kaplan Meier survival analysis, followed by the log-rank test. Comparisons between genotypes were performed using multiple ANOVA followed by the Student-Newman-Keuls test for multiple comparison testing. Averaged values are means Ϯ SE. Statistical significance is recognized at P Ͻ 0.05. 
RESULTS
MI alters TIMP levels in a region-and time-dependent fashion.
The mRNA (Supplemental Fig. 1 ) and protein levels ( Fig. 1) were measured for all TIMPs in the infarct, periinfarct, and noninfarct regions of WT mice at 3 days (Fig. 1A ) and 1 wk post-MI (Fig. 1B) . (Supplemental data for this article is available online at the American Journal of PhysiologyHeart and Circulatory Physiology website.) At 3 days post-MI, TIMP1 protein levels were significantly increased in the infarct and peri-infarct myocardium, and its levels in the noninfarct region were additionally increased by 1 wk post-MI. TIMP2 levels were decreased in the noninfarct myocardium at both time points. TIMP3 and TIMP4 levels were markedly reduced in the infarct region at both time points, and TIMP3 levels were also reduced in the peri-and noninfarct regions at 3 days post-MI. Changes in the mRNA levels (Supplemental Fig. 1 ), however, did not directly correspond to the alterations in protein levels, as also reported previously (23, 43) . For instance, at 1 wk post-MI, TIMP3 mRNA levels were elevated in the infarct region but unaltered in the peri-infarct and infarct regions, whereas TIMP3 protein levels remained markedly reduced in the infarct and peri-infarct areas. This could represent a compensatory response to the loss of the TIMP3 protein and/or the TIMP3 mRNA synthesized by infiltrating fibroblasts.
Among all TIMPs, TIMP3 showed a marked reduction in all regions of myocardium early post-MI, with the greatest reduction in the infarct followed by the peri-and noninfarct regions, suggesting a region-and time-sensitive loss of TIMP3 protein during the early cardiac response to MI. Next, we examined whether TIMP3 deficiency impacted the alterations in TIMP levels post-MI (Fig. 1) . Compared with WT mice, TIMP3 Ϫ/Ϫ mice showed a markedly smaller increase in TIMP1 levels in the peri-infarct area at 3 days and in all regions at 1 wk post-MI but greater TIMP2 and TIMP4 protein levels in the infarct area at 3 days post-MI, which persisted for TIMP4 at 1 wk post-MI (Fig. 1, A and B) .
Suppressed post-MI survival in TIMP3
Ϫ/Ϫ mice due to excess LV rupture. To determine whether the reduction in TIMP3 post-MI underlies the disease progression and whether the early rise in TIMP2 and TIMP4 in the infarct myocardium of TIMP3 Ϫ/Ϫ mice compensates for the absence of TIMP3, we examined the cardiac response of TIMP3-deficient MI compared with age-matched WT mice over 4 wk. TIMP3
Ϫ/Ϫ mice showed a significantly decreased rate of survival compared with WT mice over 4 wk post-MI (Fig. 2Ai) . Autopsy results revealed that a majority of the mice had died due to LV rupture that led to hemopericardium and/or hemothorax. LV rupture occurred in 81% of TIMP3 Ϫ/Ϫ mice at 3-7 days post-MI compared with 32% in WT mice (Fig. 2Aii) . Gross histological analysis of WT and TIMP3 Ϫ/Ϫ hearts at 3 days, 1 wk, and 4 wk post-MI showed greater LV dilation and larger infarct expansion in the TIMP3 Ϫ/Ϫ mice (Fig. 2B) . Our findings further demonstrate that the increased TIMP2 and TIMP4 protein levels in the infarct area were not sufficient to compensate for the absence of TIMP3 and to improve the rate of post-MI rupture. Further analysis of the infarct size showed that despite comparable initial infarct sizes at 1 day post-MI, TIMP3
Ϫ/Ϫ mice developed a 25% greater infarct expansion compared with WT mice by 1 wk post-MI (Fig. 2C) .
TIMP3 deficiency leads to greater LV dilation and exacerbated systolic and diastolic dysfunction post-MI associated with aberrant ECM remodeling. Echocardiographic imaging at 1 wk (Table 1 ) and 4 wk post-MI (Table 2 ) revealed markedly greater LV dilation and lower EF, indicating marked suppression in systolic function in TIMP3
Ϫ/Ϫ compared with WT mice. Wall motion score index (WMSI) is a validated method of evaluating regional LV wall motion abnormalities and correlates with the degree of adverse ventricular remodeling post-MI (23, 35, 60) . A WMSI value of 1 indicates intact LV wall motion and contractility, as found in sham-operated mice. At 1 wk post-MI, TIMP3
Ϫ/Ϫ hearts showed significantly higher WMSI, indicating more severe adverse regional remodeling in the ventricles compared with WT mice, due primarily to worsening of midventricular and apical wall motion. TDI further revealed that mice lacking TIMP3 developed a more severe diastolic dysfunction, as indicated by a markedly lower ratio of E=-wave to A=-wave, a larger LA, elevated LV isovolumetric relaxation time, and increased deceleration time, which indicate impaired relaxation (Tables 1 and 2 ). These results demonstrate that loss of TIMP3 leads to greater LV TIMP3 is a potent inhibitor of a number of MMPs that degrade the ECM structural proteins. In addition, the severe LV dilation in TIMP3 Ϫ/Ϫ mice indicates structural instability that could result from disrupted ECM structure. We assessed ECM structure in the infarct and noninfarct myocardium of WT and TIMP3 Ϫ/Ϫ mice at 3 days post-MI by second harmonic generation imaging of unfixed and unstained hearts as described previously (23) . We found that TIMP3-deficient mice exhibited lower density and greater disarray of collagen fibers in the infarct area compared with WT mice (Fig. 3B) , whereas expression of procollagen types I␣ and III␣ were comparable between the genotypes (Fig. 3C) , suggesting excess MMP activity and collagen degradation in TIMP3 Ϫ/Ϫ mice.
Early post-MI proteolysis is markedly elevated in the absence of TIMP3.
MMPs have been linked to LV dilation, rupture, and inflammation post-MI (18, 27, 33, 53) . We therefore performed gelatin zymography to determine the levels of MMP2 and MMP9, the two MMPs that have been associated with LV rupture post-MI (27, 33) . We assessed the total proteolytic activity in the infarct, peri-infarct, and noninfarct myocardial tissue by using gelatinase and collagenase activity assays from EnzChek. At 1 day post-MI, MMP9 and active MMP2 were detectable in the infarct and peri-infarct regions of TIMP3 Ϫ/Ϫ but not WT hearts (Fig. 4A, i and ii) . Consistently, total gelatinase (Fig. 4Aiii) and collagenase activities (Fig.  4Aiv) were significantly greater in TIMP3 Ϫ/Ϫ compared with WT myocardium. Interestingly, by 3 days post-MI, gelatin zymography showed elevated MMP9 and active MMP2 only in the noninfarct myocardium of TIMP3 Ϫ/Ϫ compared with WT hearts (Fig. 4B, i and ii) . Total gelatinase activity (Fig.  4Biii ), but not collagenase activity (Fig. 4Biv) , was higher in the peri-infarct TIMP3 Ϫ/Ϫ myocardium. A similar pattern was observed at 1 wk post-MI (Fig. 4C) . These data indicate that MI results in time-and region-specific alterations, including a very early rise in MMP activities, which could be a key determinant of the subsequent LV remodeling and dysfunction.
Increased rate of LV rupture in TIMP3
-MI mice is associated with heightened inflammation. MI triggers a rapid inflammatory response that involves the influx of leukocytes in the infarct and peri-infarct regions of the myocardium (14, 15) . Among the leukocytes, neutrophils are the first responders (27) , and neutrophil influx in the infarct area of myocardium has been linked to LV rupture post-MI (12, 16) . TIMP3 deficiency has been shown to result in increased inflammation in other disease models (34, 47) . Staining for neutrophils revealed a significantly greater population of these cells in the infarct and peri-infarct regions of TIMP3 Ϫ/Ϫ compared with WT hearts at 3 days post-MI (Fig. 5, A and B) . In addition, expression of inflammatory MMPs was increased in these hearts. MMP8 mRNA levels were significantly higher in all regions, and MMP12 in the infarct area, of TIMP3 Ϫ/Ϫ hearts (Fig. 5C, i and ii) . The severe inflammation and expression of inflammatory MMPs in TIMP3-deficient mice at 3 days post-MI coincides with the peak of LV rupture post-MI. In addition, MT1-MMP, a major collagenase in the heart, was significantly elevated in TIMP3 Ϫ/Ϫ myocardium (Fig. 5Ciii) . By 1 wk post-MI, the inflammatory response was dissipated in both genotypes (data not shown).
Early inhibition of MMPs blunts the adverse outcomes of TIMP3 deficiency. Next, we aimed to determine whether the early rise in total MMP activities is in fact the underlying mechanism for the more severe LV remodeling, dysfunction, and rupture in TIMP3 Ϫ/Ϫ mice. We treated TIMP3 Ϫ/Ϫ mice with PD-166793, a broad-spectrum MMP inhibitor (MMPi) that does not inhibit ADAM17 (a disintegrin and metalloproteinase-17), also known as TNF-␣-converting enzyme (TACE) (42), 2 days before and 2 days after induction of MI (Fig. 6A) . This treatment significantly improved total survival (Fig. 6B ) and the rate of LV rupture incidence (Fig. 6C ) in TIMP3 Ϫ/Ϫ mice. In addition, this early MMPi treatment decreased the infarct expansion (Fig. 6D) , reduced LV dilation (Fig. 7, A and Ci), improved the systolic dysfunction as indicated by increased EF (Fig. 7Cii ) and lowered WMSI (Fig. 7Ciii) , and improved diastolic dysfunction as shown by increased E=/A= (Fig. 7Di) 
in TIMP3
Ϫ/Ϫ mice. The decreases in DT and IVRT showed a trend (P ϭ 0.055) but were not statistically significant (Fig. 7D, ii and iii) . This experiment illustrates that MMP activation very early post-MI is a key determinant of the subsequent outcome and that the beneficial effects of MMP inhibition outlast the treatment.
DISCUSSION
Myocardial remodeling following infarction is a complex process orchestrated by a number of cellular and extracellular events (49, 59) . Hence, identifying the early events that lead to activation of multiple factors in mediating adverse cardiac response to MI can provide new potential therapies to lessen the resulting complications. We (25) have reported previously that TIMP3-deficient mice are more susceptible to pressure overload induced by aortic constriction. TIMP3-deficient mice have also been reported to develop accelerated remodeling following MI (52); however, the molecular analyses in this study were performed at or after 1 wk post-MI. We and others (16, 23, 26, 58) have found that post-MI LV rupture peaks at 3 days with no incidence of LV rupture after 7 days post-MI. In the current study we have demonstrated that LAD ligation triggers early downregulation of TIMP3 in WT mice and that TIMP3-deficient mice show a very early increase in MMP activities post-MI, aberrant degradation of ECM fibrillar structure, and enhanced inflammation, leading to exacerbated LV dilation and systolic and diastolic dysfunction at 1 and 4 wk post-MI. Diastolic dysfunction is an important and independent prognostic marker of adverse outcome in patients with acute MI (36, 37) . The worsened diastolic dysfunction in TIMP3 Ϫ/Ϫ -MI mice is consistent with the more severe LV remodeling and systolic dysfunction in these mice. These data provide a thorough analysis of the early molecular events that lead to deteriorated cardiac remodeling, morphometry, and dysfunction by 1 wk post-MI. This study was performed on male mice, and the impact of TIMP3 deficiency in post-MI remodeling in female mice needs to be evaluated.
The markedly greater rate of LV rupture in TIMP3-deficient mice is associated with a greater infarct expansion in these mice, which is consistent with a recent report that infarct size determines the risk of LV rupture post-MI (16) . We used second harmonic generation imaging on unfixed and unstained heart tissue to visualize the ECM fibrillar structure. The advantage of this technique is that it excludes the tissue alterations resulting from manipulations such as fixing or staining. The greater disarray and lower density of the collagen fibers in TIMP3 Ϫ/Ϫ infarct myocardium despite comparable collagen synthesis are consistent with the enhanced inflammation products of matrix proteins in these mice (15) . Fragments of ECM proteins can attract inflammatory cells (2) , and initial degradation of collagen fibers has been shown to precede inflammation post-MI (48) . Degradation products of collagen type I, such as the Pro-Gly-Pro (PGP) peptide that is produced by MMP9 (32) and MMP8 (30) , can serve as neutrophil chemoattractants in vivo (55) . In addition, TIMP3 was recently reported to constrain neutrophil influx in lung through inhibiting MMPs (17) . Hence, the severe inflammation in TIMP3 Ϫ/Ϫ myocardium further indicates excess damage to the ECM structural components in these mice post-MI. Recent studies have shown that a high neutrophil count is correlated with a higher incidence of adverse cardiac events in patients with acute MI (51) and that the neutrophil-to-lymphocyte ratio serves as an independent predictor of cardiac death in patients with stable coronary artery disease (41) . Inflammatory cells can produce a number of MMPs (including MMP8, MMP9, and MMP12) that will further mediate ECM degradation and overall adverse tissue remodeling (9, 40, 54) . The greater neutrophil infiltration in TIMP3
Ϫ/Ϫ hearts is consistent with elevated levels of MMP8, MMP9, and MMP12 in these hearts. Inflammation and elevated MMP9 levels have also been linked to LV rupture in patients and in animal models (18, 27, 33, 53) . In addition, mice lacking MMP9 are protected against LV rupture post-MI (18) and exhibit improved LV dilation and dysfunction post-MI (11) .
We examined the time-and region-specific MMP activities and found that MMP9 and MMP2 levels, as well as total collagenase and gelatinase activities, were elevated in the infarct and peri-infarct regions by 1 day post-MI in TIMP3
Ϫ/Ϫ mice. This is also consistent with reports showing that MMP9 increases early post-MI in patients (22) and in experimental models (31) . An increase in MMP activities and collagen degradation within hours of MI also has been reported in rat hearts (50). Tian et al. (52) reported increased MMP2 activity in TIMP3 Ϫ/Ϫ mice at 1 wk post-MI, whereas we found the rise in MMP2 activity only at 1 day post-MI but not at later time points. The finding of Tian et al. most likely resulted because activity was measured in the whole LV, and the regiondependent (infarct, peri-infarct vs. noninfarct) alterations in MMP2 activation were not taken into consideration. A regionspecific MMP expression and TIMP downregulation in sheep heart post-MI has also been reported (57) . Mice lacking MMP2 are protected against LV rupture (33), whereas mice overexpressing MMP2 develop LV dilation and dysfunction (6) . The early increase in proteolytic activities in the infarct and periinfarct regions could explain the greater rate of LV rupture in TIMP3 Ϫ/Ϫ mice, whereas the increased MMP levels and proteolytic activity in the noninfarct myocardium could explain the exacerbated LV dilation and dysfunction in these mice compared with the parallel WT group. We recently reported that TIMP2-deficient mice exhibited comparable LV rupture incidence compared with the WT mice despite a far more severe LV dilation and dysfunction (23) . In addition, TIMP2 upregulation in the infarct area of TIMP3-deficient hearts was not sufficient to decrease the rate of LV rupture in these mice. These findings indicate that whereas TIMP2 deficiency primarily affected the remodeling and function of the noninfarct myocardium, lack of TIMP3 exerted a global effect influencing the infarct as well as the noninfarct myocardium. This could result from a number of factors. In WT mice, myocardial infarction results in reduction of TIMP2 protein primarily in the noninfarct region, whereas TIMP3 is reduced in the infarct as well as the noninfarct myocardium. In addition, TIMP2 deficiency results in lack of MMP2 activation (23), as opposed to increased MMP2 activation within 1 day post-MI in TIMP3 Ϫ/Ϫ mice. MMP2 has been reported to be a key factor in post-MI LV rupture (33) and as such could partly explain the differential post-MI rupture in TIMP2-vs. TIMP3-deficient mice. In patients with MI, the adverse ventricular remodeling has been linked to an imbalance in MMP/TIMP activity (56). Our current study and previous report (23) demonstrate that TIMP2 and TIMP3 play different roles in cardiac response to MI. TIMP2 is more critical in the function and remodeling of the peri-and noninfarct myocardium, whereas TIMP3 globally impacts all myocardium, influencing the rate of LV rupture as well as the remodeling and function of the noninfarct myocardium.
The protective effects of MMPi treatment early post-MI in TIMP3
Ϫ/Ϫ mice indicate that the early rise in MMP activities post-MI is a major determinant of subsequent LV remodeling and dysfunction. In addition to inhibiting a large number of MMPs, TIMP3 also inhibits TACE, which is responsible for cell surface shedding of TNF and activation of its downstream signaling (3, 7) . We recently reported that activation of the TNF pathway induces activation of a number of MMPs in cardiomyocytes within 1 h of treatment (4) . Moreover, the current study was aimed to examine the beneficial effects of early MMPi treatment. Continuous MMPi treatment attenuates the adverse LV remodeling in mice (45) and in pigs (38) following MI. We demonstrate that the beneficial effects of MMPi treatment during the first 2 days post-MI persist to prevent adverse LV remodeling, infarct expansion, and LV rupture up to 1 wk post-MI. Targeting the early rise in MMP activities post-MI is particularly important, since we have demonstrated that levels of TIMPs (TIMP2, TIMP3, and TIMP4) are also reduced early post-MI. In addition, this could also explain the unsuccessful outcome of the PREMIER trial, where MI patients received PG-116800, an MMPi, 48 -72 h after the onset of MI (19) . Perhaps an earlier treatment window could have been more beneficial.
In summary, in this study we have provided definitive evidence that the MMP inhibitory function of TIMP3 is critical during early stages of recovery from myocardial infarction. Since TIMP3 levels are significantly reduced in the hearts of patients with ischemic cardiomyopathy, overexpressing or supplementing TIMP3 in myocardial ischemic injury may prove to be a promising therapeutic approach.
